Mutations in ATP13A2 (PARK9) have been linked to juvenile parkinsonism with dementia or Kufor -Rakeb syndrome (KRS). The ATP13A2 gene encodes at least three protein isoforms that arise by alternate splicing. A previous study indicated the Atp13a2
Mutations in ATP13A2 (PARK9) have been linked to juvenile parkinsonism with dementia or Kufor -Rakeb syndrome (KRS). The ATP13A2 gene encodes at least three protein isoforms that arise by alternate splicing. A previous study indicated the Atp13a2
Isoform-1 protein is localized to lysosomes, whereas three separate mutations involved in disease cause retention of the protein in the ER. One speculation is that the mutant Atp13a2
Isoform-1 proteins are misfolded and eliminated by the ER-associated degradation pathway (ERAD), which involves the dislocation of proteins from the ER to the cytoplasm for proteasome degradation. We examined whether Atp13a2 proteins are degraded by ERAD and whether the Atp13a2
Isoform-3 protein has similar localization to the Atp13a2
Isoform-1 protein. Through analysis of protein turnover and by disrupting different steps in the ERAD pathway we demonstrate that mutant Atp13a2
Isoform-1 proteins are indeed eliminated by ERAD. Thus, siRNA-mediated knockdown of erasin, a platform for assembly of an ERAD complex, or expression of a dominant negative form of p97/VCP, a protein essential for dislocation of ERAD substrates, or inhibition of the proteasome all slowed degradation of the mutant Atp13a2
Isoform-1 proteins, but not the wild-type Atp13a2
Isoform-1 protein. Immunoprecipitation assays confirmed that the Atp13a2 proteins are ubiquitinated in accord with degradation by ERAD. In contrast to Atp13a2
Isoform-1 , we show Atp13a2 Isoform-3 is localized to the ER and rapidly degraded. Lastly, we show Atp13a2 mutants have increased cytotoxicity and predispose cells to ER-stress-induced cell death. These results provide new insight into the properties of wild-type and mutant Atp13a2 proteins involved in KRS.
INTRODUCTION
Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by tremor at rest, bradykinesia, rigidity and postural instability (1, 2) . The etiology of PD has been traced primarily to Mendelian inheritance of mutations in a number of different genes and to exposure to environmental toxins (1, 3) . The focus of this study is ATP13A2 (PARK9), in which mutations cause a Parkinson's-like disease called Kufor-Rakeb syndrome (KRS) (4 -10) .
The function of the ATP13A2 gene is not known (4) , although based on studies of two yeast proteins with limited homology ( 22-27% sequence identity), it was suggested it might be involved in protecting cells against manganese and mutant a-synuclein toxicity (11) . The gene is widely expressed in the body with highest expression in the brain. It is predicted to encode a protein with similarity to P-type ATPases (12) . According to sequences deposited in the NCBI database, at least three alternatively spliced ATP13A2 transcripts are expressed in humans, each encoding a different protein (Supplementary Material, Fig. S1 ). Isoform-1 encodes a protein of 1180 amino acids with 10 transmembrane domains ( 130 kDa). Isoform-2 differs from isoform-1 by containing a small five amino acid in-frame deletion near the N-terminus. * To whom correspondence should be addressed at: Center for Biomedical Engineering and Technology, Room N352, University of Maryland, Baltimore, 725 West Lombard Street, Baltimore, MD 21201, USA. Tel: +1 4107068132; Fax: +1 4107068184; Email: monteiro@umaryland.edu Isoform-3, which is 1158 amino acids long, contains an additional downstream in-frame deletion of 117 bases and an out-of-frame deletion of 170 bases removing 39 amino acids and generating a highly diverged C-terminus, respectively (Supplementary Material, Fig. S2 ). The consequence of these changes on the function of the proteins is not known.
The first three mutations identified in the ATP13A2 gene were a deletion of a cytosine residue at position 3057, a duplication of residues 1632-1653 in exon 16 , and a guanine-to-adenine transition in the donor splice site of exon 13 leading to the skipping of exon 13, listed relative to isoform-1 of the protein, which we refer to here as △C, Dup22 and Ex13, respectively (4). The △C and Dup22 mutations cause frameshift mutations that result in the loss of the last three and six transmembrane domains of the Atp13a2 protein, respectively, whereas the exon13 splice-site mutation results in an in-frame deletion of part of the third transmembrane domain (Supplementary Material, Fig. S3 ). An initial characterization of the wild-type (wt) and mutant proteins expressed in COS7 cells revealed that the wild-type Atp13a2
Isoform-1 has a long half-life (in excess of 12 h) and is localized to lysosomes, whereas all three mutants were unstable and localized in the endoplasmic reticulum (ER). Treatment with MG132 resulted in stabilization of the mutant proteins suggesting degradation by the proteasome. The properties of the mutants are consistent with substrates that are eliminated via the ER-associated degradation (ERAD) pathway (13) , although this was not established. There was uncertainty about this issue, because the authors could not detect any ubiquitination of the mutants, which would be expected for proteins that are degraded by ERAD (4) .
During ERAD, misfolded proteins are retained and selectively exported from the ER to the cytoplasm for degradation by the proteasome (reviewed in [14] [15] [16] . Numerous factors are involved in this process, including proteins that are believed to form the conduit for protein export from the ER, ubiquitin ligases, the AAA-ATPase p97/VCP molecular chaperone protein, scaffold proteins, ubiquitin-shuttle factors and factors on opposite sides of the ER membrane (i.e. in the lumen and cytosol). Defects in ERAD lead to a buildup of misfolded proteins in the ER causing ER stress, chronic activation of which can induce cell death. Interestingly, ER stress has been linked to neurodegenerative diseases including PD (17) (18) (19) (20) (21) .
Here, we report on differences in the localization and degradation of Atp13a2 isoform 1 and 3 proteins carrying PD-linked mutations. The isoform 2 protein was not studied because it contains a five amino acid deletion compared with isoform 1, which we speculated would exhibit similar properties to the isoform 1 protein in our assays. The studies revealed that the wild-type Atp13a2
Isoform-3 protein is retained in the ER and rapidly degraded, unlike the wild-type Atp13a2
Isoform-1 protein, which is stable and localized in the lysosome. We also show Atp13a2
isoform-1 and -3 proteins carrying PD-linked mutations are ubiquitinated and rapidly degraded via ERAD. Finally, we show that overexpression of Atp13a2
Isoform-1 proteins carrying PD-linked mutations are more cytotoxic than the wild-type protein, and that they hypersensitize cells to ER-stress induced cell death.
RESULTS

Expression and localization of wild-type and mutant Atp13a2
Isoform-1 proteins in HeLa cells
We utilized HeLa cells to determine whether mutations in Atp13a2 proteins that are linked to PD are targeted for degradation through the ERAD pathway. We chose HeLa cells to investigate this possibility because of the different reagents we possess for interfering with ERAD in the cells. We first examined whether wild-type and mutant Atp13a2 Isoform-1 proteins expressed in HeLa cells have similar localization as reported in COS7 cells (4) . Of the three KRS mutants studied previously, we focused on two random representatives of them, △C and Dup22 for the Atp13a2 Isoform-1 expression constructs and visualized the proteins using immunofluorescence microscopy ( Fig. 1) . Double immunofluorescence staining confirmed that both mutant Atp13a2
Isoform-1 proteins are localized to the ER as evidenced by the strong colocalization of their staining with calreticulin, an ER marker (Fig. 1A, d -i and B) . In contrast, the Atp13a2-WT Isoform-1 protein displayed a vesicular staining pattern that did not colocalize with the calreticulin staining (Fig. 1A, a -c and B) . To ensure that the staining was not an artifact of the staining protocol, we examined the localization of GFP-tagged versions of the Atp13a2
Isoform-1 constructs. Fluorescence of the GFP-tagged Atp13a2
Isoform-1 mutants colocalized with that of mRFP-tagged erasin, an ER localized protein (22) , while the wild-type did not (Fig. 1C, D) . In contrast, GFP-tagged Atp13a2-WT Isoform-1 fluorescence was localized to vesicles that stained positive for Lysotracker as well as cotransfected Lysosomal-associated membrane protein 1 (LAMP1)-Cherry (Fig. 1E) . These results confirmed that wildtype Atp13a2
Isoform-1 localizes to lysosomes while the mutants are retained in the ER.
Mutant Atp13a2
Isoform-1 proteins are unstable and degraded by the proteasome We next examined whether accumulation of the Atp13a2
Isoform-1 proteins in HeLa cells were sensitive to proteasome inhibition, as this is characteristic of ERAD substrates (Fig. 2) . Accordingly, we compared the accumulation of transiently expressed wild-type and mutant V5-tagged Atp13a2
Isoform-1 proteins in HeLa cells treated with or without the proteasome inhibitor MG132. An anti-ubiquitin immunoblot confirmed that the MG132 treatment induces a build-up of ubiquitinated substrates, as expected. A parallel immunoblot of the cell lysates revealed that the levels of both Atp13a2-△C Isoform-1 and Atp13a2-Dup22 Isoform-1 mutant proteins were increased dramatically after MG132 treatment. Interestingly, two closely migrating forms of the wild-type Atp13a2
Isoform-1 protein were seen in cells treated with MG132: an upper band which increased only modestly after MG132 treatment and a lower band that increased more dramatically. We speculate that the upper band is the mature glycoslyated form of the protein, whereas the lower band is the immature and/or incorrectly folded form of the protein.
Quantification of the two bands after MG132 treatment indicated that the lower band comprises 25% of the total wild-type Atp13a2
Isoform-1 protein, which is in accord with the estimate of the frequency in errors that is known to occur during protein synthesis (23) . Evidence suggesting the upper band is indeed glycosylated was found upon treatment of cells with tunicamycin to inhibit N-glycosylation, which resulted in a time-dependent disappearance of the upper band and a concomitant increase in the lower band (Supplementary Material, Fig. S5 ). Interestingly, high molecular weight species of the Atp13a2 Isoform-1 proteins were observed after MG132 treatment, which is characteristic of ubiquitinated proteins and further supports degradation of the proteins by the proteasome.
We next measured the turnover rates of the V5-tagged Atp13a2
Isoform-1 expressed proteins in HeLa cells that were treated with or without MG132 using cycloheximide-chase analysis (Fig. 3 ). In accord with the previous findings, in the absence of MG132 treatment both the Atp13a2-△C Isoform-1 and Atp13a2-Dup22
Isoform-1 mutants turned over rapidly compared with the Atp13a2-WT Isoform-1 protein, which was remarkably stable. The Atp13a2-△C Isoform-1 mutant turned over more rapidly than the Atp13a2-Dup22
Isoform-1 mutant, having an estimated half-life of ,1 h compared with 3 h, respectively (Fig. 3) . In contrast, the wild-type protein was estimated to have a half-life in excess of 24 h (Supplementary Material, Fig. S7 ). As expected, treatment with MG132 slowed the turnover of the two mutant proteins dramatically, but had little effect on the wild-type protein (Fig. 3 ). We were unable to measure differences in the turnover of the immature and mature forms of the wild-type protein due to close migration of the two bands on our immunoblots. However, due to the extreme stability of the wild-type protein, we estimate that the contribution of the lower band on the turnover of the protein is minimal. These results confirmed that the △C and Dup22 Atp13a2
Isoform-1 mutants are degraded rapidly in a proteasome-dependent manner. To confirm the results of our cycloheximide-chase experiments, we also measured the rates of turnover of the wild-type and △C mutant Atp13a2
Isoform-1 using classical pulse-chase analysis (Supplementary Material, Fig. S6 ). Phosphoimage analysis of the 35 S-labeled proteins yielded similar turnover rates indicating the reliability of cycloheximide-chase experiments for measuring Atp13a2 protein turnover.
Evidence that mutant Atp13a2
Isoform-1 proteins are ubiquitinated
The ER localization and rapid degradation of the mutant Atp13a2
Isoform-1 proteins is consistent with the degradation of the proteins by ERAD. Because ERAD substrates are typically ubiquitinated, we examined if the Atp13a2
Isoform-1 proteins are similarly modified. This issue was unresolved because the previous report did not find any evidence for ubiquitin modification of Atp13a2
Isoform-1 proteins (4). To determine if Atp13a2
Isoform-1 proteins are ubiquitinated, we immunoprecipitated the V5-tagged wild-type and mutant Atp13a2
Isoform-1 proteins from HeLa cells using an antibody to Atp13a2 that we had generated and examined the immunoprecipitates for the presence of Atp13a2
Isoform-1 proteins and for ubiquitin by immunoblotting (Fig. 4) . To ensure that our immunoprecipitates contained only Atp13a2 proteins and were devoid of its associated proteins, the immunoprecipitations were performed in the presence of SDS to break up any potential protein complexes. As shown in Figure 4 , our Atp13a2 antibody immunoprecipitated the Atp13a2-WT Isoform-1 , -△C Isoform-1 and -Dup22
Isoform-1 proteins successfully. The specificity of the immunoprecipitations is evident from the failure of the pre-immune serum to immunoprecipitate the Atp13a2-WT Isoform-1 protein. As expected, considerably more △C and Dup22 mutant proteins were immunoprecipitated from cells treated with MG132 than from untreated cells, confirming proteasome inhibition leads to a stabilization of the proteins. MG132 treatment also increased the amount of the wild-type protein that was immunoprecipitated, which was especially noticeable for the lower of Isoform-1 expression constructs. Twenty hours after transfection, the cells were treated with or without MG132 (50 mM) for 6 h. The indicated Atp13a2
Isoform-1 proteins were detected by immunoblotting of the lysates using an antibody to V5. The lysates were also immunoblotted for actin (to assess loading) and ubiquitin (to confirm proteasome inhibition) as shown. HMW indicates migration of high molecular weight species. (B) Quantification of the relative change in protein levels before and after MG132 treatment for each Atp13a2 construct from three independent experiments. Data are shown as the mean + standard deviation of the mean (SDM) ( * P , 0.005) ( * * P , 0.05).
the two bands of the protein, again suggesting it corresponds to the unstable and incorrectly folded form of the protein. The antiubiquitin blots produced a strong reaction with products migrating as a smear on the upper portions of the gels, especially after MG312 treatment, indicating that the Atp13a2 Isoform-1 proteins are indeed modified by ubiquitination.
Mutant Atp13a2
Isoform-1 proteins are degraded by ERAD
Because Atp13a2
Isoform-1 mutants were retained in the ER and are degraded by the proteasome, we predicted that the proteins are eliminated from cells by the ERAD pathway. To examine this possibility, we disrupted two components involved in ERAD to see if it affected the turnover of the Atp13a2 proteins. The first protein we targeted was erasin. Previous studies had found that siRNA-mediated knockdown of erasin slows the degradation of CD3d and alpha 1-antitrypsin substrates (22, 24) . We questioned whether inhibition of erasin would also slow the turnover of the Atp13a2
Isoform-1 mutants. Accordingly, we transfected HeLa cells with V5-tagged Atp13a2-△C Isoform-1 or Atp13a2-Dup22
Isoform-1 after siRNA-mediated knockdown of erasin and assessed protein turnover by cycloheximide-chase analysis (Fig. 5 ).
As shown in Figure 5A and B, siRNA knockdown of erasin in HeLa cells slowed the turnover of Atp13a2-△C Isoform-1 . Similarly, knockdown of erasin slowed the turnover of
Atp13a2-Dup22
Isoform-1 , although the effect was marginal compared with the △C mutant ( Fig. 5C and D) . In contrast, siRNA knockdown of erasin had no affect on the turnover of wild-type Atp13a2
Isoform-1 protein ( Fig. 5E and F) . We next examined whether interference of p97/VCP function, which is essential for dislocation of proteins from the ER during ERAD, also affects turnover of the Atp13a2
Isoform-1 mutant proteins. Initially, we attempted to do this by siRNA knock down of p97/VCP expression, but were hampered by encountering massive cell death (data not shown). Instead, we transfected cells with a dominant-negative ATPase deficient p97/VCP-QQ mutant, which has been shown to slow degradation of ERAD substrates (25, 26) . Accordingly, we cotransfected HeLa cells with myc-tagged p97/VCP-QQ and V5-tagged Atp13a2-△C or Atp13a2-Dup22
Isoform-1 and assessed protein turnover by cycloheximide-chase analysis. As shown in Figure 6 , coexpression of p97/VCP-QQ stabilized the turnover of both the Atp13a2-△C Isoform-1 and Atp13a2-Dup22
Isoform-1
. The above results strongly indicate that the Atp13a2
Isoform-1 mutant proteins are degraded by ERAD.
Characterization of Atp13a2
Isoform-3 protein
We next focused on isoform-3 form of the Atp13a2 protein to see if it behaved similar to isoform-1. In order to characterize the Atp13a2 Isoform-3 protein, we generated myc-tagged expression constructs encoding the wild-type Atp13a2 protein and versions containing the KRS-linked △C and Ex13 mutations. Immunoblot analysis of transfected HeLa lysates indicated that all three constructs were expressed according to their predicted molecular weights (Fig. 7A) . However, the pattern of expression of the wild-type Atp13a2 protein differed from that seen with the wild-type Atp13a2
Isoform-1 protein. Wild-type Atp13a2 Isoform-3 was expressed poorly compared with the Atp13a2 Isoform-1 protein, which is evident by its lower expression compared with the mutants, particularly the △C mutant, suggesting that the isoform-3 protein may be less stable than its isoform-1 counterpart. Additionally, immunofluorescence staining of HeLa cells transfected with the myc-tagged constructs indicated that the wild-type Atp13a2
Isoform-3 protein had a reticular staining pattern similar to that of the Ex13 and △C mutants (data not shown). To establish the localization of Atp13a2
Isoform-3 proteins, we generated corresponding GFP-tagged Atp13a2
Isoform-3 fusion constructs and cotransfected them with mRFP-tagged erasin in HeLa cells. Double fluorescence microscopy revealed that the wild-type and the two Ex13 and △C mutant Atp13a2
Isoform-3 -GFP fusion proteins colocalized with mRFP-erasin, indicating that all of the Atp13a2 Isoform-3 fusion protein are localized in the ER (Fig. 7B and C) . Further examination revealed that the GFP-tagged wild-type Atp13a2
Isoform-3 did not colocalize with Lysotracker or cotransfected LAMP1-Cherry, unlike the wild-type Atp13a2
Isoform-1 protein (Supplementary Material,  Fig. S4 ). These results suggest that the wild-type Atp13a2
Isoform-1 and Isoform-3 proteins have different localizations in the lysosome and ER, respectively, suggesting they could have unique functions in these organelles.
Wild-type and mutant Atp13a2
Isoform-3 proteins are ubiquitinated and rapidly degraded by the proteasome
Because Atp13a2
Isoform-3 proteins were localized to the ER, we next examined whether the proteins were degraded by the ubiquitin -proteasome system. Immunoblotting of the transfected cell lysates using a myc antibody revealed an increase in wild-type and mutant Atp13a2
Isoform-3 protein levels after MG132 treatment, consistent with degradation of the proteins by the proteasome. Interestingly, we also observed the same increase in the high molecular weight forms of the proteins after MG132 treatment that we observed for isoform-1 proteins which suggests modification of these proteins by ubiquitin ( Figs 8A and 2) . Furthermore, examination of the expressed proteins following their immunoprecipitation from cell lysates in the presence of SDS confirmed that the proteins are ubiquitinated and their levels increase following inhibition of the proteasome with MG132 (Fig. 8B) .
We next measured the turnover of the Atp13a2 Isoform-3 proteins using cycloheximide-chase analysis. Immunoblotting for the indicated proteins confirmed the rapid turnover of wildtype Atp13a2
Isoform-3 with little protein remaining after 2 h (Fig. 9) . The Atp13a2-△C Isoform-3 and Atp13a2-Ex13
Isoform-3 mutant proteins also turned over rapidly although the turnover of the △C mutant was slightly slower than the Ex13 mutant ( Fig. 9A and B) . Taken together, these results suggest that Atp13a2 Isoform-3 proteins, particularly the wild-type and Ex13 containing mutant, are retained in the ER and rapidly degraded by the proteasome. The very small fraction of the △C mutant that has an extended half-life suggests a small amount of this mutant protein might escape from the ER or resist degradation. Analysis of cell death further revealed that overexpression of the wild-type Atp13a2
Isoform-3 protein induces an increase in cell death similar to the △C and Ex13 mutants (Supplementary Material, Fig. S8 ), which is different to the properties of the wild-type Atp13a2 
Atp13a2
Isoform-1 mutant proteins are toxic and sensitize cells to increased ER stress-induced cell death Because prolonged activation of ER-stress caused by accumulation of misfolded proteins in the ER can trigger cell death, we examined whether overexpression of wild-type and mutant misfolded Atp13a2
Isoform-1 proteins enhance cell death (Fig. 10) . To evaluate this possibility, we transfected HeLa cells with GFP-tagged Atp13a2
Isoform-1 versions of the constructs and quantified cell death in the absence or presence of 2 mg/ml tunicamycin, which was added to induce ER stress. 
Atp13a2-Dup22
Isoform-1 or Atp13a2-△C Isoform-1 and treated with or without MG132. Atp13a2
Isoform-1 proteins were immunoprecipitated from the cell lysates using an antibody to Atp13a2 and the indicated proteins detected using antibodies to V5 and ubiquitin. Atp13a2
Isoform-1 was not detected in mock transfected cells (lane 1) or in transfected cells immunoprecipitated with pre-immune serum (lane 2). Bottom panels show whole cell lysates used for the immunoprecipitations blotted for V5, ubiquitin and tubulin.
The quantification revealed that both △C and Dup22 mutations that cause KRS increased basal cell death, albeit to different levels, compared with cells transfected with constructs encoding wild-type Atp13a2
Isoform-1 -GFP protein or GFP protein alone (Fig. 10) . Furthermore, both mutants, but not the wild-type or GFP control, were hypersensitive to ER stress-induced cell death caused by tunicamycin treatment.
Immunoblots revealed that the cells transfected with the Atp13a2
Isoform-1 mutants induced slightly higher BiP levels than the cells transfected with GFP alone or wild-type GFP-Atp13a2
Isoform-1 (Supplementary Material, Fig. S9 ). These results suggest that the △C and Dup22 mutations increase toxicity and vulnerability of cells to ER-stress induced cell death.
DISCUSSION
Proper protein folding and processing is necessary to maintain cellular homeostasis. Protein misfolding could potentially not only affect a protein's specific function but it could also lead to aggregation and induce toxicity. Not surprising, cells have developed elaborate and complex systems to eliminate unwanted and potentially toxic proteins (27, 28) . One of the first quality control checkpoints is in the ER, where during synthesis, misfolded proteins are recognized and eliminated by ERAD. Although many mutations involved in human disease are thought to cause proteins to misfold, relatively few of them have been have been shown to be eliminated by ERAD (13, 15) . Here, we have presented evidence that strongly indicates mutations in Atp13a2 proteins linked to KRS are degraded by ERAD, consistent with the idea that the mutations cause the proteins to misfold. In fact, to our knowledge, this is the first example of a protein involved in neurodegeneration that has been shown to be eliminated by ERAD.
Four different observations support our contention that Atp13a2 proteins carrying the △C and Dup22 mutations are degraded by ERAD. First, we confirmed the previous report showing that the wild-type Atp13a2
Isoform-1 protein localizes to lysosomes, whereas the △C and Dup22 mutant proteins are retained in the ER, which is a characteristic of proteins degraded by ERAD (13, 14) . Second, through proteasome inhibition and analysis of protein turnover, we also confirmed that the mutant Atp13a2 proteins have vastly accelerated rates of degradation compared with the wild-type Atp13a2
Isoform-1 protein, and that the proteasome is responsible for the increased turnover of the proteins. Third, as expected for proteins that are degraded by the proteasome, we found Atp13a2 proteins are ubiquitinated and that the ubiquitinated forms of the proteins increase following proteasome inhibition. Fourth, interference of ERAD by overexpression of either a dominant negative p97/VCP-QQ protein or knockdown of erasin expression both slowed degradation of the mutant proteins.
The dominant-negative p97/VCP-QQ impeded the turnover of the mutant Atp13a2 proteins more potently than erasin knockdown. We speculate this is because p97/VCP is a universal and essential factor required for dislocation of all ERAD substrates (25) , whereas erasin could have a more restricted role in ERAD. For example, the ERAD complex containing erasin is distinct from other ERAD complexes found in mammalian cells, suggesting it is part of the larger compendium of ERAD complexes that exist in cells (24) . Furthermore, there is accumulating evidence that different ERAD complexes are dedicated to disposing different types of substrates, particularly with regard to whether the lesions that cause the proteins to misfold reside in the lumen, membrane or cytosolic sides of the ER membrane (14, 29) . Interestingly, we noted that erasin knockdown slowed turnover of the △C Isoform-1 more than the Dup22
Isoform-1 mutant. The △C mutation occurs in the seventh transmembrane domain while the Dup22 mutation occurs in the cytoplasmic domain of the Atp13a2 protein (Supplementary Material, Fig. S3 ), causing a difference in the utilization of the erasin complex in disposing the two substrates. Another possibility is that the substrates might be degraded by more than one ERAD complex.
In contrast to the mutants, proteasome inhibition had little effect on the turnover of the wild-type Atp13a2
Isoform-1 protein. However, we did observe a small portion of wild-type protein ( 25%) that was stabilized by proteasome inhibition, which corresponded to the lower of two closely migrating bands. Based on the disappearance of the upper band and a concomitant increase in the lower band following tunicamycin treatment, we speculate that the mature Atp13a2
Isoform-1 protein is glycoslyated and that the lower band corresponds to immature and/or incorrectly folded form of the protein.
Our estimate that 25% of Atp13a2
Isoform-1 protein misfolds during synthesis is close to the 35% rate of errors that is estimated to occur during protein synthesis (23) .
What we found particularly interesting was the difference in properties of the Atp13a2
Isoform-3 protein compared with that of Atp13a2
Isoform-1 protein. First, the Atp13a2 Isoform-3 was localized exclusively to the ER instead of the lysosome as with Atp13a2
Isoform-1 . Second, Atp13a2
Isoform-3 turned over exceedingly rapidly compared with Atp13a2
Isoform-1 . These results suggest Atp13a2
Isoform-3 is either non-functional, misfolded or a short-lived ER-resident protein that is rapidly degraded by the proteasome. Although it is theoretically possible that the Atp13a2
Isoform-3 is not translated, we believe that this is unlikely because of the abundance of the transcript (in expression databases) and the identity of most of its 5 ′ sequences including an intact translation start codon and sequences upstream and downstream of it compared with isoform-1. The possibility that the Atp13a2
Isoform-3 generates a misfolded protein could arise because of the frame-shift event that occurs after the eight transmembrane domain of the protein creating a unique C-terminus compared with the Atp13a2
Isoform-1 protein. This frame shift could generate a truncated non-functional or misfolded protein. Another possibility is that the Atp13a2
Isoform-3 might have a unique function in the ER compared to the Atp13a2
Isoform-1 based on differences in the localization of the two isoforms. Further studies are needed to clarify these issues. . Approximately 20 h after cotransfection, cells were treated with cycloheximide as described in previous figures.
Quantification of Atp13a2
Isoform-1 protein turnover with and without p97/VCP-QQ relative to time point zero from three independent experiments for △C (B) and Dup22 (D). Data are shown as mean + SDM (DC P , 0.05, Dup22 P , 0.05).
The mechanism by which Atp13a2 mutant proteins cause disease is unknown. Our data suggest that the △C and the Dup22 Atp13a2 mutants are cleared by ERAD and never reach the lysosome where the normal wild-type Atp13a2
Isoform-1 protein resides. The premature disposal of the mutant proteins is likely to lead to a loss of the normal Atp13a2 function in lysosomes. The lysosome is home to a variety of proteolytic enzymes that are involved in degrading unwanted cytosolic proteins, toxic aggregates and damaged organelles. Mutations in lysosomal membrane proteins have been linked to disease (30) . Also, dysfunctions in autophagy, the process in which unwanted proteins in the cytosol are sequestered and delivered to the lysosomes for degradation, has been implicated in neurodegenerative diseases including PD and AD (31, 32) . Thus it is not surprising that loss of Atp13a2 function in lysosomes might cause disease. At present, it remains unclear whether the etiology of KRS originates from the complete or partial loss of Atp13a2 function, and/or whether it might result from toxicity intrinsic to the mutant proteins, as we have shown here. For example, although the majority of KRS cases studied so far are linked to recessive inheritance of mutations in the ATP13A2 gene, there are several reports that suggest disease symptoms can arise in patients who possess only one mutant ATP13A2 allele, suggesting that KRS does not necessarily manifest from complete loss of Atp13a2 function (5, 7, 9, 33) .
We speculate that an alternative and not mutually exclusive mode through which the mutants might induce disease is through ER stress. Accumulation of misfolded proteins in the ER has been shown to induce ER stress, which has also been implicated in human disease, including neurodegenerative diseases (17) . Our results suggest ER stress may play a role in the development of KRS. First, expression Atp13a2 mutants that are mislocalized to the ER leads to an increase in cell death compared with the wild-type protein. Second, the presence of these mutants in the ER leads to increased cell death after exposure to tunicamycin, a known ER stressor. This suggests misfolded Atp13a2 proteins may negatively impact ER homeostasis causing an increase in susceptibility to ER stress-induced cell death. Therefore, it will be important Isoform-3 and Erasin-mRFP and visualized using fluorescence microscopy. Both wild-type and mutant Atp13a2
Isoform-3 colocalize with the ER protein erasin. (C) Quantification of the extent of colocalization of GFP-tagged Atp13a2
Isoform-3 and erasin calculated from three different cells. Bar, 5 mm.
to determine whether KRS is caused by complete or partial loss of Atp13a2 function, from toxicity associated with the mutations, or some combination of them.
MATERIALS AND METHODS
Expression constructs
V5-tagged Atp13a2
Isoform-1 expression plasmids were described previously (4) . GFP-tagged Atp13a2 expression constructs were made by fusing GFP to the C-terminus of the Atp13a2 proteins. The LAMP1-mCherry construct was obtained from Dr. Jennifer Lippincott-Schwartz (34) . The p97/VCP QQ-myc construct was described previously (35) . mRFP-Erasin was generated by fusing mRFP to the C-terminus of full-length erasin. Atp13a2
Isoform-3 cDNA (Origene) was cloned into a CMV expression vector upstream of a myc epitope tag. Atp13a2
Isoform-3 mutants were generated by PCR mutagenesis, and verified by DNA sequencing, which was performed by the Biopolymer-Genomic Core Facility at the University of Maryland, Baltimore. Cell culture, DNA transfection, immunofluorescence microscopy and cell death assays HeLa cells were maintained at 378C in DMEM supplemented with 10% FBS. Cells were transiently transfected with plasmid DNA by either the calcium phosphate coprecipitation method or Lipofectamine 2000 (Invitrogen). For proteasome inhibition experiments, cells were treated with MG132 (Calbiochem) for 6 h at a final concentration of 50 mM. For fluorescence microscopy, HeLa cells were grown on glass coverslips, fixed with 1% paraformaldehyde, treated with 70% ethanol and stained with the indicated primary antibodies and then with the appropriate florescent-conjugated secondary antibodies. The following primary antibodies were used: anti-calreticulin (Stressgen) anti-V5 (Sigma-Aldrich). The following secondary antibodies were used: Alexa Fluor goat anti-rabbit 594 and goat anti-mouse 488 (Invitrogen). For GFP microscopy work, cells were fixed with paraformaldehyde and directly mounted on slides. For colocalization with Lysotracker, cells were incubated in DMEM for 2 h at a final concentration of 50 nM prior to viewing (Molecular Probes, Invitrogen). Images were captured using a Leica DM IRB microscope and a Leica PL APO 100x/1.4 oil-immersion lens. Quantification of colocalization depicted is an average of three independent cells. Colocalization and quantification were performed using iVision-Mac software (BioVision Technologies). We used the iVision software to measure the Pearson's and M1 and M2 correlation coefficient of colocalization of red and green fluorescent signals captured of the same microscopy field. Cell death assays were performed as described previously (36) .
SDS -PAGE and immunoblotting
Cells were collected in protein lysis buffer (0.5% SDS, 0.5% NP40, 0.5% sodium N-lauroylsarcosine, 50 mM Tris, pH 6.8, 150 mM NaCl, 20 mM EDTA, 1 mM EGTA, 25 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM Pefabloc (AEBSF, Boehringer Mannheim) 1 mM leupeptin and 1 mM aprotonin) (37) and further lysed by passing the lysates 10 times through a 25 G needle. Protein concentrations were determined by the bicinchonic acid assay (Thermo Fisher Scientific). Lysates were prepared with sample buffer (8 M urea, 15 mM DTT and 10% b-mercaptoethanol) and heated for 15 min at 378C prior to loading. Equal amounts of protein were separated on a 7.5% SDS-PAGE gel and transferred onto a 0.45 mm PVDF membrane (Millipore) followed by incubation with the appropriate primary and HRP-conjugated secondary antibodies. Proteins were transferred for 3 h at Isoform-3 DC turns over slower than wild-type or Ex13 Atp13a2
Isoform-3 (P , 0.0005).
Figure 10. Expression of Atp13a2
Isoform-1 and quantification of cell death. HeLa cells were transfected with either GFP alone or with the indicated GFP-tagged Atp13a2
Isoform-1 constructs. Twenty hours after transfection, the cells were treated with tunicamycin or DMSO vehicle control for 8 h at a final concentration of 2 mg/ml. After 8 h, cell death was quantified by counting GFP-positive cells that had highly condensed/fragmented DNA after staining of the cells with the nuclear dye Hoechst 33342. Graph is an average of three independent experiments and the data are shown as the mean + standard deviation of the mean. Cells expressing mutant Atp13a2
Isoform-1 show a significant increase in cell death compared with GFP and WT-GFP-expressing cells, with or without tunicamycin treatment ( * P , 0.0005) ( * * P , 0.005), respectively.
200 mA using the Mini-Trans Blot cell system (BioRad). Proteins were detected using the SuperSignal West Pico system (Thermo Fisher Scientific). The following primary antibodies were used: anti-Grp78 (BiP) (BD Biosciences), anti-tubulin and anti-V5 (both from Sigma-Aldrich), anti-V5, (Invitrogen), anti-ubiquitin and anti-actin (both from Santa Cruz Biotechnology, Inc.) and anti-myc (monoclonal 9E10), anti-Atp13a2, anti-p97/VCP and anti-erasin (generated by our laboratory). The anti-Atp13a2 antibody was generated (by Covance, Denver, PA, USA for us) against a purified GST-fusion protein composed of the Atp13a2 sequence from amino acid 81-154, which is common to all three isoforms, fused to the C-terminus of GST (Pharmacia). The antibody was affinitypurified from rabbit antiserum using the GST-fusion antigen coupled to Affi-Gel 10 (BioRad). The antibody was validated by its reaction with V5-and GFP-tagged Atp13a2 proteins expressed in HeLa cells as well as with the endogenous proteins expressed in different human cells. The anti-p97/VCP antibody was made against bacterially expressed and purified full-length His-tagged murine p97/VCP protein, and the antierasin antibody was made against a synthetic peptide corresponding to amino acids 476-500 of human erasin (22) and affinity-purified using the same peptide. The following HRP-conjugated secondary antibodies were used: goat antimouse (Thermo Fisher Scientific), bovine anti-goat (Santa Cruz Biotechnology) and donkey anti-rabbit (GE Healthcare).
Immunoprecipitations
HeLa cells were transfected with Atp13a2 expression constructs using Lipofectamine 2000 (Invitrogen) . Approximately 20 h after transfection, cells were treated with MG132 or with the DMSO vehicle for 6 h. Cells were collected with SDS protein lysis buffer containing the deubiquitinating enzymes inhibitor, 10 mM N-ethylmaleimide (NEM), and sheared by passing the lysates through a 25 G needle. The lysates were spun at 14 000g for 10 min and the resulting supernatant diluted 10-fold with immunoprecipitation (IP) buffer (50 mM Tris -HCl pH7.5, 150 mM NaCl, 2 mM EDTA, 1% NP40, 10 mM NEM). The lysates were pre-cleared by incubating with rabbit serum for 30 min followed by protein A-Sepharose Cl-4B beads (GE Healthcare) for 1 h. The lysates were recovered by centrifugation at 14 000g for 10 min after which the supernatant was moved to a fresh tube. The supernatant was incubated with 7 mL of polyclonal anti-Atp13a2 antibody for 1.5 h followed by protein A-Sepharose Cl-4B beads for another 1.5 h. All incubations were carried out at 48C with gentle rotation. The beads were recovered by centrifugation and washed four times with IP buffer. The proteins were eluted from the beads by incubation with sample loading buffer at 378C for 15 min. Equal volumes of supernatant were separated on SDS -PAGE and the precipitated proteins detected via immunoblotting.
Analysis of protein turnover
For analysis of protein turnover, HeLa cells were transfected with the appropriate Atp13a2 expression construct by electroporation following the procedure described previously (38) . Approximately 20 h after transfection, cycloheximide (Sigma-Aldrich) was added to the cultures to a final concentration of 100 mM to inhibit new protein synthesis and protein lysates were collected at appropriate time points thereafter, as shown in the figure. To measure protein turnover after proteasome inhibition, the cultures were treated in an identical manner except that MG132 was added to the cultures at the same time as cycloheximide. For analysis of protein turnover after knockdown of ERAD proteins, HeLa cells were transfected with erasin SMARTpool siRNAs (Dharmacon) using Dharmafect 1 reagent according to the manufacturer's instructions (Thermo Fisher Scientific). At 48 h post-knockdown, cells were transfected with V5-tagged Atp13a2 using calcium phosphate. At 72 h post-knockdown, cells were treated with cycloheximide and collected at the indicated time points. For turnover experiments with p97/VCP QQ-myc, the DNA construct was cotransfected with Atp13a2 plasmid DNA followed by inhibition of protein synthesis with cycloheximide. Equal amounts of protein in lysates from the different time points were separated by SDS -PAGE and immunoblotted for the proteins as shown in the figures. The rate of protein turnover was calculated from at least three independent experiments and the Microsoft Excel program was used to draw a line connecting the average values through each time point.
Statistical analysis
Student's t-tests were used for all statistical analysis. For all data, error bars represent + the standard deviation of the mean (SDM). P , 0.05 was considered to be statistically significant.
